non-pathogens producing adiaconidia-type cells rather than yeast cells (e.g. E. parva and E. crescens) 1 7 1 suggests that the dimorphic fungi in the Ajellomycetaceae have undergone numerous evolutionary 1 7 2 transitions allowing adaptation, infection and virulence to humans and other mammals, and that 1 7 3 interactions with other eukaryotes in the environment may help maintain the capacity for pathogenic 1 7 4 growth in a mammalian host (Figure 1; Table 2) . The non-thermally-dimorphic species H. griseus and 1 7 5 P. hystricis are highly supported as early diverging lineages of Ajellomycetaceae as previously 1 7 6 suggested 12 ; genomic analysis strongly supports P. hystricis as the earliest diverging lineage within the 1 7 7 sequenced Ajellomycetaceae, and large genetic variation between these early saprophytes. The basal 1 7 8 position of both H. griseus and P. hystricis in the family Ajellomycetaceae and the large divergence between them suggests that the history of this family could involve evolution from saprophytic non-1 8 0 thermotolerant and non-yeast-forming ancestral species to dimorphic human pathogenic species after 1 8 1 the divergence with H. griseus, including the adaptation to higher temperatures and the appearance of Table S2 ). These gene family changes suggest 1 9 2 that dimorphic fungi from Ajellomycetaceae are not typical soil fungi in that they might maintain a close 1 9 3 association with living mammals or other organisms such as protozoa or insects. This transition 1 9 4 appears to have occurred within the family Ajellomycetaceae after divergence from Helicocarpus and 1 9 5
Polytolypa (Figure 1) . Our analysis also recapitulates previous reports comparing smaller numbers of 1 9 6 genomes from the order Onygenales 5, 13, 16, 19 that showed that genes coding for enzymes involved in the 1 9 7 deconstruction of plant cell walls were absent from all the human pathogens (e.g. Paracoccidioides, 1 9 8
Blastomyces, Histoplasma, Coccidioides) and non-pathogenic Onygenaceae (e.g. Uncinocarpus reesii, 1 9 9
Byssoonygena ceratinophila, Amauroascus mutatus, Amauroascus niger, Chrysosporium 2 0 0 queenslandicum) whereas these enzymes were commonly conserved in the non-pathogens outside the 2 0 1 order Onygenales (including Aspergillus, Fusarium, Neurospora; Figure 2 ; Table S2 ). Notably, 2 0 2 7 increasing the phylogenetic density within the order Onygenales in this study revealed that the loss of 2 0 3 plant cell wall degradative enzymes occurred independently in two families within the Onygenales, and 2 0 4 this highlights transitions between saprophytic and pathogenic species, where Helicocarpus and 2 0 5
Polytolypa are have retained enzymes required to live on plant material in the soil, whereas non-2 0 6 pathogenic species from the Onygenaceae, which are not adapted to survive in mammals, have also 2 0 7 lost capacity to degrade plant material. Other notable changes in gene content included loss of protein families associated with secondary 2 1 0 metabolite biosynthesis such as polyketide synthase dehydratases, and beta-ketoacyl synthases 2 1 1 domains in dimorphic Ajellomycetaceae relative to H. griseus and P. hystricis (Figure 2 ; Table S3 ). We Metabolism Analysis Shell 25 ). Overall, dimorphic pathogenic fungi from Ajellomycetaceae have fewer 2 1 4 polyketide synthase (PKs) gene clusters than the saprophytic H. griseus and P. hystricis (Table S3 ; 2 1 5 Figure S5 ). Dimorphic pathogens had lost essential genes or complete clusters of the type 1 and type 2 1 6
3 PKs, and terpene clusters (Table S3) . Type 3 PKs are not common in fungi, and were not previously reported in the Ajellomycetaceae. Furthermore, H. griseus and P. hystricis but not dimorphic fungi have 2 1 8 genes related to those involved in antibiotic biosynthetic pathways (ko01055 ; Table S2 ). Previous 2 1 9 studies had shown that P. hystricis secretes a pentacyclic triterpenoid exhibiting antifungal and 2 2 0 antibiotic activity, denominated Polytolypin 26 , suggesting this terpene cluster is intact and may produce 2 2 1 this molecule. Loss of such secondary metabolic pathways may weaken responses to other microbes in 2 2 2 the environment. In addition to secondary metabolite biosynthesis, Ajellomycetaceae dimorphic fungi 2 2 3 showed significant decreases in pathways related with the production of sphingolipids, chloroalkane 2 2 4 and chloroalkene degradation, linoleic acid metabolism, and bisphenol degradation (KEGG-EC counts, 2 2 5 corrected p-value < 0.05; Table S2 ). Loss of degradative pathways for bisphenol and chloralkanes in 2 2 6 particular likely reflect encountering these molecules in the environment but not during pathogenic 2 2 7 growth. Altogether, these shifts in gene content highlight how the Ajellomycetaceae dimorphic 2 2 8 pathogenic fungi became less adapted to survive in the soil than the more basally diverging saprophytic 2 2 9 species H. griseus and P. hystricis. We found that the evolution of carbohydrate metabolism and protein catabolism also occurred 2 3 3 independently within the Ajellomycetaceae. We annotated carbohydrate active enzymes (CAZy) and 2 3 4 peptidases (MEROPS; Methods), and using enrichment analysis found substantial shifts in the relative 2 3 5 proportion of these groups among dimorphic and saprophytic species. Notably, the pathogenic 2 3 6 8 Ajellomycetaceae species, but not the saprophytic species H. griseus and P. hystricis, showed a 2 3 7 dramatic reduction of carbohydrate active enzymes, including 44 categories that were totally absent 2 3 8 and 29 that were significantly depleted; these included glycoside hydrolases, glycosyltransferases, 2 3 9 carbohydrate esterases, and polysaccharide lyases (corrected p < 0.05; Figure 3 ). The fact that these 2 4 0 enzymes are reduced in dimorphic pathogenic Ajellomycetaceae but not in H. griseus and P. hystricis 2 4 1 confirms that reduced carbohydrate metabolism occurred independently Ajellomycetaceae from the 2 4 2 reduction in the Onygenaceae, originally noted in the spherule-dimorphic pathogen Coccidioides 16 . In reported to be expanded in Coccidioides relative to saprophytic species outside the order Onygenales as well as saprophytes related to Coccidioides such as U. reesii, had a higher ratio of proteases to 2 5 7 carbohydrate active enzymes than the saprophytic Ajellomycetaceae H. griseus and P. hystricis 2 5 8 (Figure 3) . This strengthens the evidence that the adaptation and specialization of dimorphic fungi to use proteins as a main source of energy in nutrient-limited environments. In addition to major shifts in enzymes that support nutrient acquisition, the dimorphic Ajellomycetaceae have undergone losses of families of transporters. These include the large classes of (1,848 and 1,745 proteins have predicted transmembrane domains in H. griseus and P. hystricis, 2 7 0 9 respectively, relative to an average of 1,490 in dimorphic Ajellomycetaceae pathogens, Figure 4 ). To 2 7 1 characterize gene gain and losses in transporters, we annotated transporter families (Methods, 27 ), and 2 7 2 found significant expansion of 18 classes of transporters encompassing 9 families in H. griseus and P. Transporter families that were totally absent or significantly reduced in pathogenic species included the transferase. The substrates of these transporters include galacturonate, Rip1, hexoses, dipeptides, 2 7 7 allantoate, ureidosuccinate, allantoin, glycerol, sulfate, sulfite, thiosulfate, sulfonates, tartrate, thiamine, including the cellulose, hemicellulose, or pectin types, supporting that dimorphic pathogens have 2 8 1 evolved to have more limited compounds from plant cell wall as source of energy. Genes known to be important in the response to stress imposed by the host, including Table S4 ; 20 ). In dimorphic pathogenic fungi both morphological transitions and growth temperature are 2 9 0 linked, and loss of genes necessary for high-temperature growth and morphological transition in these 2 9 1 pathogens results in attenuated virulence, which highlights that they are essential for pathogenesis 28-2 9 2 30 . Some of these genes such as the RYP1-3 transcriptional regulators and the dimorphism-regulating 2 9 3 histidine kinase DRK1 have been connected with morphogenetic adaptation in response to 2 9 4 environmental stimuli, and with key determinants of the mycelia to yeast transition in dimorphic human and cannot grow at 37°C, the heat shock response has been shown to be highly evolutionarily 2 9 7 conserved among eukaryotes. The fact that genes of central importance for high-temperature growth 2 9 8 and dimorphic switch are conserved in H. griseus and P. hystricis suggests that these saprophytes may 2 9 9 sense different gradations of temperature, or that the mechanism that triggers a rapid response to the 3 0 0 adaptation may not be rapid enough to enable these fungi to grow at 37°C. protein kinase activity (Table S2) , we further classified protein kinases using Kinannote 31 , including the family, in dimorphic Ajellomycetaceae as previously reported 5,13 . As we increased the phylogenetic (UAMH3008). In addition, we found that the recently described primary pathogen B. percursus includes To identify specific genes that evolved within the Ajellomycetaceae to enable the dimorphic transition and infection of mammals, we identified and examined ortholog clusters that were unique to these 3 2 5 pathogens and absent in both H. griseus and P. hystricis. We identified 75 ortholog clusters that were 3 2 6 present in dimorphic Ajellomycetaceae and dimorphic Onygenaceae species but absent in H. griseus 3 2 7 and P. hystricis (i.e. 'sporophyte gene loss events'), and 212 ortholog clusters that were present in 3 2 8 dimorphic Ajellomycetaceae, but absent in the dimorphic Onygenaceae species, H. griseus and P. hystricis (i.e. 'dimorphic Ajellomycetaceae gene gain events'; Table S5 ). The gene loss events include (Table S5 ). In addition, we annotated genes that have been Factors DFVF) 32,33 . We found that many genes that have been associated with host-pathogen interactions are present in the saprophytic P. hystricis and H. griseus, and in fact some appear at 3 3 7 higher copy number counts (Table S5 ). This emphasizes that host-pathogen interaction and virulence 3 3 8 11 factors are not only important for pathogenicity in mammals, but also for saprophytic species to survive 3 3 9 and adapt to stress in the environment, including for example the ability to evade the engulfment by We also hypothesized that genes induced during mammalian infection in dimorphic addition, we identified three secreted proteins that were found induced during the interaction of B. and H. griseus, (23% and 17.5%, respectively; Table S6 ). Genes absent in both species include Gpr1 highlighting species-specific gene gain events that may confer virulence specialization. To elucidate the evolution of the mating system in the Ajellomycetaceae, we identified and characterized the mating locus of P. hystricis, and H. griseus. Notably, these two species have both 3 7 0 mating type idiomorphs HMG box (MAT 1-2) and alpha box (MAT1-1); these are therefore the only 3 7 1 homothallic species identified so far within the Ajellomycetaceae (Figure 6) . Comparative analysis 3 7 2 12 showed that the locus is not expanded relative to other Ajellomycetaceae species (21 kb between the 3 7 3
flanking genes SLA2 to APN2/COX13), unlike the expansion that observed in the larger genomes of B. including H. griseus and previously reported species 5, 14, 37, 38 . This inversion observed in P. hystricis 3 7 7
(mating type idiomorph flanked by SLA2 and APN2/COX13) is similar to the gene order in the 3 7 8
Onygenaceae species Coccidioides spp. but not in the Arthrodermataceae species M. gypseum or T. rubrum (Figure 6; Table S7 ) suggesting that independent inversion events within the locus. In addition, HMG box (MAT 1-2) and alpha box (MAT1-1) are linked in the same scaffold, however they are The evolution of the dimorphic Onygenales is characterized by multiple transitions between saprophytic 3 9 1 and human pathogenic growth. By sequencing the genomes of two additional dimorphic adiaspore-3 9 2
forming species (Emmonsia parva, E. crescens) and two early diverging non-pathogenic, non- two key events in the evolution of the Ajellomycetaceae; both the loss of genes involved in digesting 3 9 6
plant cell walls and the expansion of proteases, transcriptional regulators, and protein kinases, Since many virulence factors and dimorphic switch related proteins were also conserved in the non- host is a very different habitat in comparison with soil or excrements of animals that are the most likely selected for some properties that also predisposed species to become pathogenic to humans.
2 1
Selection pressures in the environment are responsible for the emergence and maintenance We found many of the genes with roles in the dimorphic transition and virulence are conserved in the 4 3 7 saprophytic species H. griseus and P. hystricis, and we did not find larger patterns of gain of functional 4 3 8 classes in pathogenic species. However, we found smaller changes in gene content related to the 4 3 9
regulation of gene expression and signaling that may account for the ability to grow at high 4 4 0 temperature, species specific morphological transitions, and therefore their differences in virulence, 4 4 1 since rapid thermo-tolerance and morphological adaptation is essential for pathogenesis 28, 29, 40 . Overall, Intriguingly, we found that both more basal non-pathogenic Ajellomycetaceae species H. griseus and P. hystricis appear homothallic, in striking contrast to all the previously described largely pathogenic 4 5 0 species in this group that are all heterothallic. P. hystricis has a fused mating type locus, with both 4 5 1 idiomorphs, HMG box (MAT 1-2) and alpha box (MAT1-1), fused at a single locus, and the same is likely true of H. griseus, as genes are located at the ends of two scaffolds in this assembly. In addition, 4 5 3
we found that this is also true in the non-pathogenic Onygenaceae species Amauroascus mutatus and 4 5 4
Byssoonygena ceratinophila have both mating type idiomorphs. A. mutatus also has both mating type 4 5 5
idiomorphs located on the same scaffold; however, these are separated by a much larger distance than 4 5 6 15 is typically observed. This suggests that this locus has been subject to novel recombination events 4 5 7 either to bring the two idiomorphs nearby on the same scaffold or alternatively in rearranging a fused 4 5 8 locus. While it has been previously suggested that the ancestor of the Onygenales very likely was and non-pathogens. Our phylogenomic analysis revealed that dimorphic pathogens in the Onygenales have undergone Onygenales. Our comparisons also revealed major differences in non-pathogenic species between 4 7 3 these two families, which suggested that some species appear intermediate between saprophytes and 4 7 4 pathogens in terms of having a shift in metabolic capacity without associated pathogenic growth. important group of fungi. UAMH130 is from the lungs of a rodent in the USA, and E. crescens UAMH4076 is from a greenhouse Genes were predicted and annotated by combining calls from multiple methods to obtain the best 5 0 5
consensus model for a given locus. These included ab initio predictions (GlimmerHMM, Augustus, 5 0 6
Snap, GeneMark-ES), homologous inference (Genewise, TBlastN), and gene model consolidation kinases 31 . To evaluate the completeness of predicted gene sets, the representation of core eukaryotic 5 1 0 genes was analyzed using CEGMA genes 22 and BUSCO 23 . in a on index of 1.5 and a maximum e-value of 1e-5 45 . We included the genomes of the classical with other species, including three Aspergillus (Table S1 ). In addition, we annotated and included in the likelihood phylogeny (2,505 core genes based on 1,000 replicates) including 20 annotated genome 5 9 2 assemblies of species within the family Ajellomycetaceae, five other Onygenales and three Aspergilli. host are depicted for selected species highlighting the phenotypic variation within the Ajellomycetaceae Ajellomycetaceae species included in this study and other compared genomes is shown at right. Es: 6 1 7
Emergomyces; Ea: Emmonsia. 
